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PREFACE 
A positron, t1nder certain conditions, may capture an electron to .. 
1.J 
form a quasi-stable system called the positroniwn atom. The annihila-
. tion radiation o'f these pairs promises to serve as an investigation tool 
for the energetics and structure of the positronium1s environment. 
Many theoretical questions remain t1nanswered for lack of more complete 
experimental data. It is hoped that these studies contribute toward 
understanding more fully these phenomena. 
During the course of this work Dr. B. Clark Groseclose contributed 
invalt1able assistance and guidance, for which I am sincerely grateful. 
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CHAPTER I 
INTRODUCTION 
The discovery that the decay rate of annihilating positrons in a 
gas medium is not proportional to the gas pressure as predicted by the 
Dirac Theoryl led many investigators to the study of v;arious aspects of 
positron annihilation, Shearer and Deutsch2 suggested that the results 
of their experiment could be explained if some of the positrons were 
annihilating from a boun.d system. If such -were the case, the conditions 
favoring annihilation would be independent of pressure. This bound 
system was supposed to be the "posi tronium atomtl which had,. been previously 
discussed by Wheeler3 and Pirenne,4 Pond5 then calculated that between 
1/4 and 1/3 of all positrons joined with an electron to form this bou.nd 
system in most gases. When the electron and positron form a bound 
state, they may join with their spins aligned parallel or anti-parallel. 
The first case is the triplet 3:s state, called orthopositroniu.m, while 
the latter is the singlet ls state called parapositroniwn. 
Ore and Pbwe116 predicted that parapositroniu.m would have a life-
time of lo25 x 10-10 sec and then decay by two quanta emission, while 
the orthopositronium would annihilate via three gamma rays in 1.4 x 10-7 
seconds. Subsequent experiments verified this picture and their orders 
of magnitude.7,8 
Bell and Graham9 and de Benedetti and RitchingslO then investigated 
positron annihilation in solids with the following results:, 1) In metals, 
1 
2 
ipnic crystals, and valence crystals, there was a single lifetime which 
was surprisingly constant from material to material; 2) In organic 
materials, amorphous solids, and plastics, two lifetimes were observed. 
The second lifetime accounted for about 30% of the decays. 
There are four stages of the positron's life which are important in 
ltfetime measurements. The first step is its ejection from a positron 
ewitting radioiosotope, which is Na22 in this experiment. Almost 
immediately after the positron is ejected from the sodiam nuclea.s, a 
1.28 Mev gamma ray is emitted. The positron then slows down to thermal 
ep.ergies very rapidly and may then unite with an electron to form a 
! 
bpund system. The final stage for the positron is its mutual annihi-
113-tion with an electron in which two 0.51 Mev photons are created. 
Thus, by measuring the time difference between the 1. 28 Mev "birth 
I 
announcement" and the 0.51 Mev annihilation gamma, one can obtain the 
lifetime of the positron. Considering only the positrons which do 
jpin an electron in a bound system, or "positronium atom," the meast1re-
m~nt would give the positroniam lifetime if the first two phases of 
the positrons existence are negligibly short in comparison to the time 
it is engaged in the bound system. Accordingly, evidence to show that 
the 1.28 Mev gamma ray is emitted in a time many orders of magnitude 
smaller than the positrons lifetime and that, likewise, thermalization 
occurs in a negligible fraction of the positronium lifetime shall now be 
presented. 
A. Decay of Sodiwn 22 
The Na22 positron emitter has a half-life of 2.6 years and offers 
a suitable source for life-time measurements. It has the decay scheme 
shown in Figure 1 as determined by Hinman, Br01.Jer, and Leame:r.11 
Transitions to the ground state usually take place by means of electric 
quadrupole radiation. 
Na22 (2.6 y} 
99%~ 
_s-t ( 89%) 
4.8 x 10-12 sec 
ELECTRON CAPTURE (li%) 
.06% 
O L28 Mev 
Figure 1. Sodium-22 Decay Schemes 
From theoretical considerations, Weisskopfl2 and Moszkowskil3 
have predicted a lifetime in the excited state on the order of a few 
times 10-ll seconds. Sunyar,14 however, points out that theoretical 
estimates of the E2 transition probabilities are usually too low by 
cpnsiderable factors in decays which have been measured. Hence, the 
lifetime might very well be less than 10-ll seconds. Although pulse 
electronics have not sufficiently evolved for a direct measurement, 
ar indirect experimental figure was obtained for the lifetime of the 
1.28 excited level by Alkhazov et a1.15 by measuring the Coulomb 
excitation cross-section for this state. In this way, the reduced 
transition probability, and hence the lifetime (which is the reciprocal 
of the transition probability) of the radiative transition was calculated. 
The lifetime value estimated was 4.8 x 10-12 seconds for· the 1.28 Mev. 
level of Ne22. 
The implications of this work are, of course, that the 1.28 Mev. 
gamma ray may be considered prompt with respect to the ejection of the 
positron in so far as the lifetime of the positron is concerned. 
B. Thermalization 
4 
The thermalization time in metals was first calculated by de 
B~nedetti et a1.16 to be about 3 x 10-10 seconds on the basis of energy 
+pss of the positrons as they go through the successive stages of 
exciting or ionizing the atoms of the absorber, then by causing inter-
b~nd electronic transitions, and eventually, when the energy is too 
low for this, by excitation of lattice vibrations. Garwinl? modified 
these calculations to include another mechanism, that of the positron 
ep.ergy loss involved in the Coalomb scattering of conduction electrons 
whereby the electrons are increased in energy and scattered out of the 
Frrmi sea. He estimated the thermalization time should be much shorter--
about 10-14 seconds. Lee-Whitingl8 refined Garwin's computations and 
removed some of the crude approximations to obtain the presently 
accepted value of 3 x 10-12 seconds. Since this is significantly 
s111aller than the lifetime, we conclude that positrons in metals are 
cpmpletely thermalized upon annihilation. 
The slowing-down process is much more complicated for insulators 
when the positron is no longer energetic enough to promote electrons 
i~to an excited band, although the initial stages of the slowing-down 
I 
process again proceed very rapidly. Once the energy reaches the electron 
volt region, the positron velocity becomes comparable with the velocities 
5 
of the outer-shell electrons of the molecL1le, and tho cross section 
for formation of positronium becomes of the order of magnitude of atomic 
dim.ensions.16 The cross section for the loss of an electron by positronium 
is of the same order of magnitude. Consequently, the positron can be 
expected to capture and lose electrons continually in this energy range. 
This -will cease when the energy becomes sufficiently low that these 
processes are no longer possible energetically. Experimentally, there 
is also good reason for assuming that positrons are slowed dOim to 
therm.al energies. DuMond et a1.19 measured the center of mass velocity 
of the annihilating pair using a gamma ray spectrometer. Other experi-
menters20,21 corroborated his results that the momentwn of the annihilating 
pair is about mc/137, corresponding to a v/c figure of about 4 x 10-3 
and an energy on the order of 16 electron volts. Thus, most of the 
positrons are thermalized before annihilation. 
Annihilation in flight studies give further evidence that a great 
majority of positrons will be annihilated at low energies. Heitler22 
calculated that the probability that a positron is annihilated while in 
flight is only Z!o for 500Kev positrons. Although annihilations in flight 
have been observed by Deutsch23 and Gerhart,24 the probability of such 
an event occuring is considerably smaller than the probability of the 
annihilation of positrons in thermal equilibriwn.17,25 
C. Evidence of Positroniwn Formation 
de Benedetti and co-workersl6 proposed that after therrnalization, 
' 
the positrons diffusl:i freely through the lattice until annihilation. 
The first experiment to test this proposal was conducted by Madansky 
and Rasetti25 in 1950. Asswning this point of view, they attempted to 
6 
measll.re slow positrons I diffu.sion length by collect.Ing the positrons on 
a negatively charged electrode as they emerged from a metal surface. 
Tpe results were clearly negative so the possibility that the positrons 
were captured in bound states arose. A second test was applied by de 
Benedetti and Siege126 in an experiment which measured the oj/0.: ratio. 
?.. 
The ratio of the three-quantum to two-quantum annihilation rate 
is given in the theory to be % .... :: 7iis' (see next chapter). However, 
for spins distribu.ted at random we have three paraposi tronium atoms 
for every positronium atom, thus On the other hand, 
if posit;oonium .is formed the electron spins tend to become aligned with 
the positron spins so that more three quantum annihilation would be 
expected due to the formation and decay of orthopositronium. Their 
experiments yielded the results that in gases, the <JJ;Oi.. of 30% indicates 
formation of positronium. In aluminum and some non-conducting liquids, 
however, they obtained the 3 ~3 value expected for random statistical 
distribution. 
Thus, if orthopositronium is formed, rapid conversions from the 
ortho to the 2ara states resulting from exchange collisions with elec-
trons quenches the triplet state and re-establishes statistical 
eq llilibrium. 
The idea of positronium formation was farther substantiated by 
Bell and Grahf11D.'s work on positronium mean lives in condensed material.9 
It will be shown in the next chapter that if the positrons annihilate in 
free collisions, the upper and lower limits on the mean lives of 
positions in some alkali metals are 
in 10-lO seconds. 
/max 
/min 
Li K Cs where 'r' is measured 
29 102 160 
1.7 4.2 5.6 
7 
From this it is seen that the positron mean life should be at least 
2.5 x 10-10 seconds longer in K than in Li. However, comparison measure-
ments by de Benedetti and Ritchings10 showed that not only in Kand Li 
but also in Na, Ag, Pb, Cu, C, S, and a few salts, the mean lives were 
the same within 0.5 x 10-10 seconds. These results were corroborated by 
Bell and Graham's absolute measurements which showed that all one- and 
two-electron metals produce mean lives between 1.2 and 1.7 x 10-lO seconds. 
D. Anamolous 1-( Component in Metals 
Several workers9,27,28 have found evidence for believing that an 
anomalous?:;_ component exists, but treated the problem lightly as the 
r-2 values lie beyond the instrumental resolution. Recently, however, 
Bell and Jorgensen29 confidently reported the Ii' in low abundance in 
aluminum. (7::.= 3.85 x 10-10 sec., I= 6.5%), lithium ( 1;:= 5.9 x 10-10 sec,, 
I= 6.5%), and sodium (k= 5.7x 10-lO sec., I= 4.3%). These results 
still lack theoretical explanation. 
E. Annihilation in Amorphous Solids 
The annihilation of positrons in many solid materials is complicated 
by the fact that a num.ber of competing processes may occur. Such a 
s;i..tuation occurs in the amorphous solids in which there are two compo-
nents of the lifetime, a 11 long11 component between a half and ten 
m;i..llimicroseconds, and a "short" component which is a fraction o.f this 
time. The long component is attributed to the formation of orthoposi-
tronium. as this system, when unmolested, has a lifetime of about one 
hundred millimicroseconds. 
8 
The annihilation of a positron with a electron can theoretically 
emit any number of photons with the reservation that the probability 
of such annihilations decreases by orderc(where ~ is the fine structure 
constant, 1/137) for each additional photon characterizing the decay. 
Oµly annihilations involving one, two, and three photons have been 
observed in practice. Single photon annihilation can occur when a third 
a,ent is available to carry away the excess momentum. Thus, this pro-
cess can occur when a positron annihilates with an electron bound to a 
nucleus, the nucleus recoiling to conserve linear momentum. According 
to Heitler,22 this process is proportional to the fifth power of the 
atomic number of the absorber. However, even in lead, which has a 
maximum cross section at an energy of 10 mc2, the maximum cross section 
of one photon annihilation is only 2Cf/o of the two photon cross section 
and this cross section has a monotonic decrease for decreasing energy. 
Consequently, the relative abundance of single quantum annihilation is 
negligible during the absorption of positrons emitted by radioactive 
spurces like Na22. Thus, two or more quanta will accompany positron 
apnihilation from both free electron and bound state annihilation. The 
' 
lpng lifetime component of positronium annihilation in amorphous sub-
stances, however, has a much shorter value than the lifetime figure 
optained from theoretical considerations of the isolated orthopositronium 
srstem. This lifetime varies with temperature and composition of the 
absorber and is characterized by two photon decay. 
The observation that the long lifetime component is much shorter 
than the theoretical value can be explained by the mechanism of ortho-
to parapositronium conversion, which depopulates the triplet level in 
favor of the rapid decaying singlet level. Triplet to singlet conversion 
9 
can result from 11pickoff11 annihilation in which the positron annihilates 
with a neighboring electron in the lattice. In certain materials a 
collisioh can also induce an actual exchange between the electron in the 
positronium atom and an electron of opposite spin from a neighboring atom. 
In order to effect an electron exchange, the neighboring atom must have 
two closely spaced energy levels of opposite spin (one of which is 
vacant) and the positronium atom mt1st furnish an amount of energy equal 
to this difference in levels. Suitable convers.ion (or, more commonly 
called "quenching") agents are those whose energy level spacing is of 
the order of thermal energies. Free electrons in a conductor by virtue 
of the high concentration should provide a high triplet to singlet 
conversion of positroniwn. Magnetic fields, by mixing the singlet and 
triplet states, can also hasten the destruction of positroniwn. 
F. Annihilation in Liquids 
The annihilation of positrons in liquids follows the same general 
p~ttern as in amorphous solids with respect to the complex decay mode 
apd the resulting relative intensitieso The long lived component in 
most organic liquids and water lies between one and two millimicroseconds 
and accounts for from 20 to 30 percent of the total annihilationso 
Berka and Zuchelli30 found that the lifetime of the long component cot1ld 
be altered by inserting small amotmts of a suitable. "quenching" agent 
in the liquid. The intensities remained constant, ho'Wever, as might be 
expected. Such experiments are performed by adding a paramagnetic free 
r~dical such as diphenyl picryl hydrazyl, which makes conditions favor-
able for the spin exchange collision mechanism with the unpaired 
electron of the free radical. The exchange cross sections are of the 
10 
order of 10-17 cm2 which is the same order of magn.itude a.s the triplet 
quenching cross section in gases due to the addition of No.31 
Green and Be1127 have also found it possible to quench the intensity 
without appreciably affecting the lifetime by adding either N02-or No3-
ipns to water. This process is interpreted as a decrease in the number 
of positrons available for positronium formation due to the capture of 
spme of the positrons by the negative ions to form the chemical compounds 
positronium nitrate or nitrite. These captured positrons then decay 
with a short lifetime in a simi.lar manner to those annihilating from a 
singlet state. 
G. Annihilation in Gases 
The annihilation of positrons in gases is quite similar to the 
corresponding process in liquids and amorphous solids. Dulit, Gittleman, 
and Deutsch32 studied the relative rates of two- and three-quantum decay 
i~ gases. Their results indicated that the relative number of positrons 
which go into the bound state generally is between 33% (argon) and 
40% (freon). These results assume that three-fourths of the positrons 
which form positronium decay with three-gamma annihilation as predicted 
in the theory. These limits are similar to those in amorpholls solids. 
The main difference, arising from the greatly reduced density of gases, 
is that the free annihilation cross section which is dependent on the 
electron density is greatly reduced, resulting in a quite longer life-
time for annihilation by direct collision. A short period, of the order 
of the slowing down time of the positrons, has been detected, but not 
measured with significant accuracy. This mode of decay was interpreted 
as annihilation from the short-lived state, parapositronium. A second 
11 
p~riod, of the order of magnitude of that predicted by the Dirac cross 
section and inversely dependent on the gas pressure, is strongly suggestive 
' 
of annihilation of the positron during free collisions with the atomic 
electrons. The third period is practically independent of pressure and 
cprresponds to a mean life of about 0.14 microseconds, which is consistent 
with a model based on annihilation from orthopositronium atoms. The 
fact that the three photon yield is much increased in those gases which 
are characterized by a relatively intense, pressure independent, long 
lifetime component is further evidence for this interpretation. 
In gases also, it is found possible to quench the longer lifetimes; 
vix. NO, N02 , and the halogens. The quenching process due to NO was 
e~plained by Deutsch in terms of a spin flip due to electron exchange 
dllring collisions between the bound positronium positron and the unpaired 
electron of the NO molecule. The quenching effect of the halogen mole-
cµIes, however, was interpreted in terms of a formation of chemical 
cpmpounds between the positrons (positive positronium ions) and the 
halogen ions. The spin exchange mechanism results in a shortening of 
t~e lifetime of the orthopositronium," the amount of the shortening 
depending on the concentration of the quenching material, without signifi-
cantly altering the intensity of the component. The two photon decay 
rate should also rise at the expense of the three photon rate as the 
concentration of the quenching agent was increased. Quenching by 
chemical compound formation, on the other hand, would tend to alter the 
intensity of the long lived component rather than the value of the life-
time, the reduction being dependent on the concentration of the quenching 
agent. This mechanism is the same as that postulated by Green and Be1127 
to explain their observations of such effects in liquids. 
12 
H. One-Gamma Annihilation 
' 
Single-quantum annihilation was observed by Whalen33 using the 
following technique. Positrons emitted from Na22 and energy selected 
by a thin-lens beta ray spectrometer impinge upon and stop in a 107-
mg/cm lead foil. A two inch thick scintillation crystal detects the 
single quantum annihilation photons, and a 1-mm crystal directly behind 
the stopping foil detects the K °' x-rays which follow the annihilation 
of the K-shell electrons in the lead. A single-quantum annihilation 
event appears as a coincidence between the outputs of the two scintil-
l~tion spectrometers, both of which employ differential energy discrimi-
nation. Substitution of Al foil as the positron stopper affords the 
measurement of the background coincidence rate. The results for lead 
and uranium agree with the theoretical predictions.34 
I. Angular Correlation Experiments 
Another family of experiments of interest in the investigation of 
ppsitron annihilation is that of angular correlation. From this work 
one may obtain information pertaining to the state of the system prior 
to annihilation and the 03,/'0 ~ ratio. 
1. Two Gamma Annihilation 
Upon annihilation of a positron-electron pair at rest in the 
laboratory system, in which two photons are emitted, the relative 
epiission angle is found to be 1T radians. If the pair has a finite 
momentum, the photons must carry away this additional momentum and energy, 
leading to a broadening of the mc2 gamma line. Thus, the breadth of the 
line yields information about the state just prior to annihilation. 
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Green and Stewart35 used a double coincidencE1 arrangement to 
measure the angular spread in light metals. From their result it was 
evident that the photons carried away an amount of momentwn which was 
on the same order of magnitude as the momentll!Tl of the conduction elec-
t;rons. Since it had been shown that the positrons thermalize quickly, 
it was concluded that they annihilate chiefly with conduction electrons. 
Wpen heavier metals were t1sed a.s a target, a two gamma component of 
h,igher momentll.lTl occurs. In addition, a significant 11 taili' persists on 
the plot of coincidences versus angle.36,37,38 This 11 tail11 was 
interpreted to result from annihilation with core electrons whose 
momentum is greater. 
In studies with quartz, Page and Heinberg,39 and co-workers,40 
fot1nd that fused qt1artz had a very narrow angt1lar correlation ct1rve, 
while crystalline quartz was nearly like the metals. Further stt1dies 
showed that all materials which possess the long component of lifetime 
also have a narr01,,1 angular distribution ct1rve. 
2. Three Gamma Annihilation 
Direct measurements of three gamma annihilation were made by 
de Benedetti and Siegel 4.l t1sing a triple coincidence method in which 
tµey placed three counters coplanar in coincidence and one not coplanar 
which was in anticoincidence. Their resalts are in roagh agreement 
~1th the theoretical expectation of one triplet annihilation per 370 
singlet annihilations. 
J. The Temperature Effect in Amorphous Solids 
A temperattire dependence of the long lifetime component in the 
annihilation process as well as the variance from material to material 
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was observed by Bell and Graham.9 They observed a more or less linear 
dependence of the long lifetime on temperature between I 200 C and 
-~960 C although no change in the intensity ratio was found within the 
l,i.mits of error. Further investigation42 on teflon have shown that a 
cp.rve which plots the long lifetime component, ~ versus temperature 
I 
l~vels off between liquid nitrogen and liquid helium temperatures. A 
similar dependence of the three quanta coincidence rate was observed by 
Graham and Stewart43 and Wagner and Hereford44 for several substances. 
Since the three-quanta annihilation arises from triplet positroniurn 
wpich has escaped pickoff, one is merely observing another manifestation 
! 
of the temperature dependence of the long lived component. However, in 
addition to these temperature effects, which are apparently associated 
w~th changes in pick off due to thermal expansion, a temperature 
effect on the angular distribution of annih~lation was found by Stewart.38 
A strong enhancement of the narrow component was found in Teflon at 
2500 C. Although the experimental evidence suggests some identity 
b~tween the 1;;. and the narrow-component radiation of angular correlation, 
: 
it is clear that pick off annihilation from the triplet state of posi-
t;ronium with which the long component is associated, should not fall 
ipto the narrow component since they involve additional linear momenta. 
Ephancement of the singlet stat,,e by a strong' magnetic field also bear 
oµ-c·· the assumption that self annihilation from the ls state is confined 
!· 
tp a narrow ~ngular region. It is fairly certain, therefore, that at 
. •r 
least the major portion of the narrow component arises from singlet 
positronium self annihilati0n and the broad component·must be attributed 
to pick off and direct annihilation. 
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An interesting effect on the long component occurs when the 
annihilation medium undergoes a phase change. De Zafra and Joyner45 
studied this effect in water from -240°C to 8o0 c. As the temperature 
approaches to melting point the lifetime increases quite gradually and 
at the melting point it drops substantially then begins to increase 
with temperature once more, this time at a much faster rate. Wagner 
and Hereford44 have shown that the three quanta annihilation for 
ppsitrons in water, methyl alcohol, and glycerine change mark-
eqly at the liquid to solid phase transition and then decreases with 
temperature in the solid phase. 
The variation of~ with temperature is still in need of a satis-
f~ctory theoretical explanation. The temperature effect might be 
related to the order-disorder present in the material. As the temp-
erature is lowered, the order in the solid increases, resulting in an 
ifproved orientation of the molecules or atoms. Increased electric 
rields due to change in molecular orientation might increase the 
,_apnihilation probability between bound positron and electron of neigh-
boring atoms of molecule. 
It has been suggested by Wallace46 that the temperatuore effect 
might be attributed to the creation, at higher temperatures, of larger 
interstices in the material in which positronium could "hide." 
De Zafra and Joyner45 have interpreted the temperat.ure effect 
as being actually a density effect, which can be explained in terms of 
a density dependence on the amount of positronium formed, and therefore 
on the number 9f positrons which may decay by the low-momentum process 
of self-annihilation from the singlet state of positronium. 
Stump47 investigated the influence of pressure on lifetim.e, 
subjecting water, Lllcite, Teflon, and polyethylene to pressares up to 
60,000 lb/in~ No change was observed in water; however, a marked 
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d~crease was observed with increasing pressure in Lucite, and especially 
Tpflon and polyethelene, and was fotlnd to be rollghly proportional to 
the volume change. Hence, the proposal that the long lifetime varia-
tion was mainly the result of variation in density might also explain 
the temperatllre effect. 
In conclusion, positronium is an atom-like structure in which only 
electromagnetic forces play a role, there being no nllclear forces 
present. Despite the short lifetime of this atom (10-10 seconds) 
afainst annihilation, modern experimental techniqlles have made possible 
a detailed study of its properties. It has served as an ideal system 
ip which the calculations of quantum electrodynamics can be compared 
with experimental results. The latest r-f resonance measurements of 
tpe fine structure splitting of the positronium ground state to an 
acctlracy of five significant figllres established impressively the 
e~actness of the radiative correction computations to terms of order 
48 
. 
The second aspect of positron interactions involves positrons in 
condensed media, solids, and liquids. In this case the primary interest 
lies in the interactions of the positron with the solid or liquid prior 
tp annihilation, leading to the possibility of bound state formation. 
Farre1149 has pointed out that one of the great virtues of the 
use of positrons as a tool is that a high energy positron can penetrate 
into the interior, ,of the sample and then be stopped and become a real 
, .. -·· ·~ ., .. . 
member of the electric system. This all happens very fast and from 
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then on, one needs only consider low energy, nonre1ativistic interactions 
with the surrounding matter. As discussed in more detail later, the 
annihilation rate and the distri.bt1t.ion in the total momentllffi of the 
arnihilation photon emitted depend d.n many cases solely on the product 
of the positron wave function times the wave fu.r1.ction of the electron 
br:iing annihilated. Thlls, experimental measu.rements of the lifetime and 
i 
mpmentum distribu.tion give useful information about the interior of a 
' 
sample. An important advantage of the positron annihilation is that 
information is transported to the observer in high energy gamma rays 
which escape withou.t appreciable attent1ation or scattering from 
reasonably small samples; in contrast to, say, soft x-ray emission 
where surface properties may strongly influence the results. 
One drawback of the positronil.l!ll annihilation method is that the 
tool used for measuring the system changes the system, i.e., the 
presence of the positron distorts the electronic wave ft1nction an 
arpreciable amollnt. 
The purpose of this experiment has been to meastlre the long life-
. 
time component in various solids at different temperatures and to deter-
mine this variation with temperatare. It is hoped that a knowledge of 
this temperatu.re parameter--or the density parameter which may be 
. 
optained from the temperatare--throagh its effect on the positronillffi 
~2- , will soon enable positron annihilation to bec9me a solid state 
research tool. 
CHAPTER II 
THEORY 
A. Annihilation Properties 
If an electron makes a transition to a vacancy in the negative 
energy levels, which has been identified as the positron, the energy 
may be released in a number of ways. The most common of these--and 
tpe only one energetically permissible using a Na22 source--is by the 
e~ission of photons. If the energy were great enough, however, a 
meson pair or a nucleon and an anti-nucleon could be created. 
There are essentially three different types of pair annihilation: 
(~) annihilation of a free positron with a free negatron in relative 
mption towards each other; ( 2) annihilation of a bound system of 
ppsitron and electron; and (3) annihilation in the presence of a 
cpulomb field or nucleus. The latter alternative is the only process 
that does not exclude one-photon annihilation. Tn this case the target 
atom receives the excess momentum. 
1. Two-Quanta Annihilation 
The lowest order process for the annihilation of a free pair is 
the emission of two photons. The relativistic cross section for this 
process was derived by Dirac, 1 and his results are discussed by Heitler22 ·· 
and Jauch and Rohrlich.50 Detailed calculation in the plane wave 
approximation gives the result 
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e" 
'f o = ~c,_ 
'<o = classical electron radius 
"V'- t.+-
II - '4TTE:'c,C..,. I ~ being the energy of the positron 
e = electron charge 
~o= dielectric constant in vacuum 
)Ylo:; electron mass 
C.. = velocity of' light 
When the positron is nonrelativistic as in our case, (1) reduces to 
(2) 
) 
However, since '11+ is Lorentz-invariant, ( 2) holds when V+ is the rela-
tive positron-electron velocity. The probability for annihilation of 
a positron per unit time or the rate of annihilation is, from equation (2) 
1'\" -=- 0- Y\. iJ = it Y"o"''"Y!. C. 
or R'l'?r::: 7. 50 x.10-'s n (Sec·'J 
and R'"2.'( = ~. 52 ><ID' ff (3) 
where r>- is the electron density of the medium so that p, l and A 
are the density, atomic number, and atomic weight respectively of the 
medium. The mean life of a positron of nonrelativistic velocity is then 
given by \ . YR'LlS· More properly, ll-in (3) should be replaced by the 
density of electrons considering their proper spin orientation at the 
position of the positron. In terms of an electron wave function lfs 
2.0 
(subscript S refers to singlet spin orientation) one obtalns, setting 
Xe:.-= ~c and c< ;,. ~ c. 
( 3 I} 
Equation (3 1 ) might be interpreted by considering the electrons as 
spheres of radius );.~ which, when they overlap, annihilate at the 
characteristic rate.60 The factor 4 appears because only one collision 
in four forms a singlet state. However, equations (1) to (3) cannot 
b~ verified directly since the positron causes a serious deformation 
of the electron configuration of the medium before annihilation. 
Thus, strictly speaking, iL cannot be calculated from the macroscopic 
properties. Equation (3 1 ) has been solved by Pirenne.4 His result for 
the singlet lifetime was 1-;'. = 1. 2. 5 x 10-lO seconds. 
2. Three-Quantum Annihilation 
When the annihilation via two quanta is ruled out by the symmetry 
of positron-electron wave function, three gamma annihilation is the 
lowest order possible. This is true specifically in 3s states which 
make up 3/4 of all collisions at thermal energies. Ore and Powe116 
have calculated the ratio of the three-quantum to two-quantum rate and 
find 
..L 
IIIS" ~ 
(4) 
or numerically 
( 5) 
For the ratio of the spin averaged cross sections 
( 6) 
or 
(7) 
These results imply that a lg state annihilates 1115 times faster 
than the corresponding 3s state, and the ratio of the numbers of 
three-quantum to two-quantum events in collisions with statistically 
oriented spins is 1/372. From Pirenne 1s results for "f"i, we have 
that 1'i_ should be 1120 longer, or 't;.= 1.4 x 10-7 seconds. 
B. Selection Rules 
The selection rules for two and three photon annihilation may be 
d~duced in a nonrigorous fashion by considering only the conservation 
laws. Consider first the case of lg positronium with little or no 
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. mpmentum. Upon annihilation, an energy of 2.mc~must be released with 
np net momentum in the center-of~mass coordinate system. Because the 
annihilation takes place from the singlet state of zero total angular 
momentum, there can be no angular momentum in the electromagnetic 
field. If one photon is plane polarized in the vertical direction, 
the other must be plane polarized horizontally. Two-quantum annihilation 
i~, however, completely forbidden for all states with :r-=1, e.g., for 
3s state. Since each of the two quanta has an intrinsic angular 
momentum of t ~ along its direction of propagation, which we 
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arbitrarily call the z-axis, the two photons can only form states with 
zTcomponents of angular momentum "'m:.O or 11'1 =- 2 • The latter are 
clearly ruled out for a total angular momentum J = 1. The two-quantum 
state with "m=-0 , representing for example two right hand circularly 
pplarized quanta, is left unchanged when the coordinate system is 
r!;)tated around the x-axis to change +·~ to -'!-. However, the sign of 
tqe wave function of any state with J : 1 and "'YYl=o changes under 
rptation. This possibility is thus excluded as it is violation of 
the symmetry properties of the system. 
The same results are obtained employing the formalism of the 
space inversion operator ii-, the charge conjugation operator r-', 
and the space inversion operator ~ by Jauch and Rohrlich.50 
Restating our selection rules for the general case we have that 
ppsitronium. states of even charge parity, i.e., the singlet states of 
eyen L (total orbital angular momentum quantum. number) and the 
triplet states of odd L decay only into an even number of photons, 
of which the two-photon decay is of primary importance. On the other 
hand, positronium annihilation into an odd number of photons (of 
which three is the minimum) can take place only from an odd parity 
state, i.e., a singlet state of odd L or a triplet state of even L. 
C. Formation of Positronium 
1. Ore Gap Theory 
As discussed in the introduction, it is generally accepted that 
the long component of the lifetime is due to the formation of posi-
tronium, which is probably best regarded as a natural and common fate 
of a positron being slowed down. In metals, however, the conduction 
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electrons are free to interfere with any positronium atom which might 
be formed, and can either strongly modify the positronium. or prevent 
its independent existence altogether~ In insulators, positronium 
formation seems to be a normal occurence. The ionic crystals evidently 
cpmprise a special class in which the formation of a positronium 
atom, stable with respect to subsequent dislocation, is energetically 
not permitted •. The energetics of positronium formation in gases was 
first discussed by Ore51 and has been reviewed by Deutsch.52 With 
slight modification, Ore's theory can be adapted to solids.49,53,54 
T~e binding energy of positronium, Wpos, is one-half a rydberg or 
6,8ev in free space; it is slightly less in an insulating solid, and 
considerably less in a metal. Let us designate the ionization potential 
of a molecule of the· material by T . This is on the order of 10 ev 
for most dielectric solids, 12.5 ev in water, 9.2 ev in benzene.54 
Ehergy balance then requires F ~f-\4..1poswhere i: is the kinetic energy 
of the positron. As long as Eis greater than the lowest electronic 
excitation energy of the molecule ( V1 ) this excitation, along with 
inelastic scattering of the positron, will compete with positronium 
formation. At energies above the ionization energy, inelastic scattering 
with ionization will compete and will generally have a larger cross 
section because of the greater density of final states associated with 
the presence of two free particles in the final configuration. The 
11.mited range of energies in which positronium can form is called the 
"Ore gap. 11 
In Figure 2(a) is shown an 11 0re diagram" for an ionic crystal, 
where for the moment, the coulomb interaction energy between the posi-
tron and the ions is not taken into account. 
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Figure 2. The dre diagram for (a) no energy shift (b} energy shift. 
The energy shift destroys the Ore gap and prevents positronium 
formation. (After Ferrell} 
The left hand side shows the possible initial states of the system 
and is shaded below Vi; in this case the lowest excitation energy level 
is the bottom of the condt1ction band. The area above the v1 is not 
shaded as we neglect positronium forW,ation due to the much more likely 
ipteractions of inelastic scattering and electron excitation. The 
possible final states available to the system after capture of an 
electron by the positron are shown by the right hand portion of Figure 
2(a). Because of the requirement of energy conservation, the capture 
process can only take place if the two regions overlap, forming the 
"Ore gap. 11 The condition that there be an Ore gap is simply \/1 )J -\/4.s. 
In ionic crystals, the bottom of the conduction band lies below 
the ·ionization potential, making positronium formation unfavorable. 
This general featt1re is· a rest1lt of the ordering of the ions in a 
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regular lattice and disappears when sufficient disorder is introduced, 
as in the polymers, fused materials, and organic waxes. The ionic 
crystals are also quite different in this respect from the molecular 
crystals, where there is no electron energy band not already filled 
which is significantly below the ionization potential. 
Looking again at the ionic crystal picture considering the Coulomb 
interaction, we have another force working against positronium formation. 
This is illustrated in Figure 2(b) and is associated with the lowest 
non-positronium state of the positron in the system. Let \Jo_p be 
tre positron affinity, i.e., the energy required to take a positron 
out of this state and remove it from the crystal. In this case if 
p9sitrons of energy greater than (V1 -\/,,_f\ capture electrons, the resulting 
positronium atoms break up again. The effect of binding of positronium 
to the crystal is not shown in Figure 2(b) but must be considered. 
Thus, the criterion for the Ore gap must, therefore, be modified to 
read or 
where fp is the binding energy of posi tronium atoms to the crystal. By 
analogy with general usage, by v1hich the quantity (1- \l.} is called the 
"electron affinity," Ferrell calls Vo.p and E"p the 11pos.itron affinity" 
and the 11positronium affinity" of the crystal, respectively. 
The condition for positronium formation (or more properly, that 
a~ Ore gap exist) is now that the su.m of the electron and positron 
affinities minus the positronium affinity shall be less than the 
positronium binding energy. Thus, it is pointed out that the affinity 
of the crystal for positrons v1orks equally as effectively as the affinity 
for electrons against positronium, while the affinity of the crystal 
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for positronium works in favo~c of positronium formation. 
Another factor affecting the creation of positroniwn is the presence 
of possible modes of collision which quickly moderate the positron 
through the Ore gap. Such a mechanism is the excitation of the vibra-
tional states of the molecule. The availability of vibrational modes 
of fairly high frequency will work against positronium formation. 
In the case of metals, an Ore gap does not exist because of the 
large number of conduction electrons which lower the binding energy 
very considerably below 6.8 ev. 
D. Triplet to Singlet Conversion 
In this section we will deal with the lifetime distribution of 
those positrons which (1) do not annihilate in flight, but get through 
the Ore gap without having captured an electron, and (2) the positrons 
which do form positronium. In case (1), we may assume that the 
positron will have a greater potential energy inside the molecule than 
out because of its ability to attract electrons. Wallace53 considers 
e~ch molecu.le as a Fermi gas of moleclllar dimensions. Hence, such a 
pbsitron can be expected to contribute to the short lifetime. It may 
be captllred to form a bound state in some cases; in this event again 
it should contribute to the short lifetime. In case (2) the posi-
t:ronium will decay with 1t = 1.2 x 10-lO seconds if it is singlet. If 
it is triplet, it need not decay with the theoretical value of 
11-. = 1.4 x 10-7 seconds. The positronium atom -will be scattered 
cbntinually by the molecules of the material. In this scattering 
process, three mechanisms have been proposed which will convert ortho-
positronium to parapositronium thereby shortening its natural triplet 
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lifetime. The
1
first possible explanation was that the electron underwent 
a spin flip on collision. Ore51 pointed out, however, that spin flip 
through magnetic int~raction would take on the order of 10-5 seconds, 
whereas the radiative transition -has a macroscopic lifetime. A second 
e~lanation was proposed by Dixon and Trainor55 who noticed that the 
long component of the lifetime was about eight times the short compo-
nent. The 2s state of parapositronium happens to also have a lifetime 
eight times that of the ls state. This coincidence suggested that the 
excited state of positronium was responsible for the f.i and not ortho-
pkra conversion. Almost immediately, however, Vallace46 pointed out 
that this hypothesis is untenable on various grounds. In the first 
place, the metastability is associated with a symmetry selection rule, 
based on the fact that the ls and 2s states, being spherically symmetri-
cal, do not combine in the presence of the electromagnetic field. 
However, the "2s" if it existed in a solid, would have its spherical 
s.ymmetry perturbed considerably by the crystal potential, and so could 
be ecpected to decay quite rapidly. Wallace further pointed out that 
certain experimental facts are inconsistent with the h,ypothesis: (a) the 
nonexistence of a very long lifetime associated with formation of triplet 
. 
positronium, (b) the evidence from magnetic quenching experiments for 
the association of the 1t lifetime with triplet positronium, in 
analogy with the situation in gases,7,8 (c) Furthermore, Brock and 
Streib56 performed an experiment which was designed to detect the 
Lyman-o< line associated with decay of excited positronium diffusing 
ort of a gold surface, with negative results. Ferrell in addition, 
claims that the Ore gap is always much smaller for the excited states 
than for the ground state, as the ground-state binding energy of 
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ry/2 must be replaced in inequality (1) by V~= ry/8 in dealing with 
•n,3rgetics of 2s formation. Thus, even if the inequality is satisfied 
for the ls state it may very well not be satisfied for the 2s state. 
Bell and Graham tried to account for their unexpected value of 
in terms of an exchange collision, in which the positron would exchange 
an electron of opposite spin for one of parallel spin during a collision. 
Wallace53 and Ferre1149 point out that this mechanism is also objectionable 
as there is no reason to expect such a conversion in the insulators 
exhibiting the ~ component. These materials all consist of atoms 
with closed shells in which the electron spins are paired off, therefore 
the exchange process could take place onlythroughexcitation, and this 
will be impossible energetically in slow collisions . 
The remaining possibility was suggested by Garwinl7 as an alternate 
to the . exchange collision. He hypothesized that the positron might 
a.qnihilate with an electron of appropriate spin from a neighboring 
atom. The •pickoff• annihilation mechanism is the currently accepted 
theory explaining why the long component is significantly less than 
10-~ in amorphous solids. 
E. Factors Effecting the Conversion Rate 
After Wallace53 and deZafra and Joyner45 pointed out the correlation 
between the density and the 7i'component, it remained until recently 
a puzzle why the r.. increased with temperature. The ~ ls determined 
by the rate of "pickoff• and the common situation is for reaction rates 
to increase with temperature. Brandt, Barko and Walker57 applied 
quantum mechanics for the special case of a polytetrafluoroeth.ylene 
(Teflon) sample with good results. They chose this particular sample 
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because it would conform reasonably well to the following model. 
(1) The mutual positronium and lattice polarization can be 
neglected. 
(2) The lattice constituents are approximated by square potentials 
of height V0 , electron density p0 , and radius r 0 , or correspondingly, 
the ttexcluded volume" v0 , each centered in a cell volume v1 of radius 
(3) The positronium atoms are thermalized and can be treated in 
-:c+ 
the zero-velocity (kt>os r:J... 0) approximation. 
In the nonrelativistic approximation, the spin average of the 2 \ 
and 3~ annihilation rates, '6''1.. and '(;3 of an electron-positron pair 
in the para and ortho orientation, respectively is given by 
( 1) 
(2) 
In a lattice L of electron density distrib11tion '\'Rtv-)1 2 composed 
of ne t:J.tral atoms or molecLtles with closed shells, Le. , in the absence 
of paramagnetic impt:J.rities, the electron pickup rate <{ p of orthoposi-
tronium in L is 
( 3) 
where '11,; is the 1,1ave function in the field of the electron to which 
it is bound as orthopositronium and the field of the lattice. 
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The problem is to evaluate equation (3) as a function of the 
properties of L. 
To evaluate equation (3), we set (4) 
where Cl( is a polarization function and the subscript O refers to 
the positronium center of mass. However, the Brandt model assumes 
o<.-=- 1 , so (3) becomes 
(5) 
Equation (5) is then solved by means of the Wigner~Seitz approximation, 
assuming a unit cell of volume v1 in which v0 is centered. 
Their solution for equation (3) is 
( 6) 
wq.ere F is a function of the particular geometry of the model 
cq.osen. Temperature does not appear explicitly in (6), because F is 
.... 
calculated in the {}p.;=-0) approximation and the lattice is assumed to be 
adiabatically rigid. The authors gave explicit functional solutions 
fqr. f= with three geometrical models--layer lattices, hard sphere 
lattices, and the cylinder geometry of chain lattices. For the chain 
lattice model of polytetrafluorethylene, they obtained very good 
agreement 'With the experimental observations of Bell and Graham,9 
Berko and Landes,63 plus data of their own. 
CHAPTER III 
EXPERIMENTAL METHODS 
The classification of equipment used for measuring time intervals 
in the 10-6 to 10-lO second range falls in tvJo categories, "delayed 
coincidence circuits" and 11 time sorters." The delayed coincidence 
circuit is a single channel device in 'Which voltage pulses are 
counted 'When they are in coincidence. The time sorter circuit is a 
mqltichannel time measuring device 'Which converts a time interval 
between t'Wo pulses to a single voltage pulse. These voltage pulses 
are then sorted into channels according to pulse height by a multi-
channel analyzer. Both of these types of circuits 'Were employed in 
l , 
tqis 'Work, the former circuit being used to check the detector and 
take preliminary data while the latter 'Was used for the rapid 
accwnulation of data. 
The operating principles of the time sorter circuitry are as 
follows: 
(1) The detectors produce electronic pulses whose amplitude 
corresponds to the energy of the gamma incident upon the fluors. 
Thlls the 1.28 Mev llcreation" gamma are roughly ~ times the size of 
tqe 0.51 annihilation pulse. Traces of photographs of these pulses are 
lllustrated in Figure 3(a). 
(2) For each of these pulses, the detector gives t'Wo outputs. 
One of these outpllts is called the energy or side channel output. The 
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other is the time pulse which is transmitted to the "fast circuitry." 
A discriminator in the side channels blocks all pulses which are not 
tqe desired size. Any pulse whose amplitude is insufficient to correspond 
to a 0.51 Mev gamma is not passed in the 0.51 channel. Similarly, the 
1.28 Mev side channel accepts only those signals correspondingly larg~ 
enough to represent "creation" quanta. 
(3) After amplification, the time pulses which have sufficient 
energy produce a step voltage (rise time estimated at less than one 
millimicrosecond) with a flat plateau of about five microseconds. These 
pulses are represented in Figure 3(b). 
(4) Upon reaching the time-to-amplitude converter, these steps 
are clipped to a fixed length, ~, (about 15 millimicroseconds) by a 
S$t of identical shorting stubs. These pulses are illustrated in Figure 
3( c). 
(5) If a pulse is produced by the second limiter within a time 
1';{, of activation of the first limiter, a superposition of the two 
'• 
w~ve forms occurs at the input to the time-to-amplitude converter. If 
t~e converter is biased to the level shown in Figure 3(d), only the 
~verlap portion of the pulse will be transmitted to the bias of the 
integrating circuit. 
(6) In the time-to-amplitude converter, a fast switching transistor 
is operated by the overlap pulse, and a fixed current is integrated 
fqr a period of time determined by the length of overlap. After ampli-
rication, a pulse of the form sketched in Figure 3(e) is obtained. 
1(7) A gate circuit on the multichannel analyser is operated by 
coincidence pulses in the side channels discussed in step 2. When the 
coincidence requirements are satisfied, the multichannel analyser will 
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accept an amplitude pulse from the converter. 
The time difference between the time of appearance of the 1.28 Mev 
and the 0.51 Mev quanta is, then, readily obtained from the conversion 
factor of time increment per channel of the converter-analyser system. 
A complete block diagram of the system is shown in Figure 4. 
A. Detectors 
The detectors used in both circuits consisted of an RCA 6342-A 
photomultiplier tube, an NE-102 scintillate r, and a cathode follower. 
As mentioned, two outputs are taken from the detector. The time pulse 
' is taken from the anode and the energy pulse is taken from the eighth 
dynode of the photomultiplier. 
The mean time delay for the appearance of the first photoelectron 
from the photocathode of a scintillation counter as given by Post and 
Schiff ,58 is t ==~Cl tk\ where T is the mean life in the scintillation 
in the phosphor, and !=( is the total number of photoelectrons produced 
during the pulse. Since R is proportional to the light output from 
the fluor, it is strongly dependent on the optical coupling of the 
crystal and the efficiency of the light pipe, etc. For the best 
resolution t should be minimized. However, the expression for f 
qonsiders only that portion of the scintillation counter consisting of 
the crystal and photocathode, it is not the overall detector resolution 
~less the spread in transit time of the phototube is negligible in 
comparison to t and if the photomultiplier is capable of sufficient 
gain for the detection of single electron pulses from the photocathode. 
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1. Photomultipliers 
To meet the requirements of transit time and gain that are required, 
the RCA 6342-A was selected. This tube is constructed with an end 
window photocathode, which is curved in order to obtain better spherical 
geometry. This assures good electron collection by the first dynode 
from all regions of the semitransparent cathode surface. The maximum 
value of the transit time in this multiplier tube is four millimicro-
seconds. The current gain of the 6342-A at the voltage operated at 
during our work is on the order of 8 x 105. Other advantages offered 
by the 6342-A are two focusing electrodes--one of these shapes · the field 
which directs photoelectrons from the photocathode to the first dynode; 
the other permits optimizing the magnitude, uniformity or speed of the 
pulse. 
The spectral response of the multiplier tube is S-11, peaking 
around 4400 Angstroms. 
Magnetic shielding was provided for the tube by a cylindrical 
shield of Mu metal, which fit snugly around the glass case of the tube 
and was held at cathode potential. 
The gain and stability of the tube were maximized using standard 
aging techniques for a period of six months under dark conditions. The 
t~be was then operated successfully at 1700 volts, somewhat higher than 
r~commended by RCA. It was felt the gain characteristic of the tube 
was more suited to our purpose at this operating potential. 
When it became necessary to remove the high voltage from the 
pbototube, extreme caution was exercised in returning the supply voltage 
to-operating value over a long enough period of time to preserve 
stability 9£ the dynode-bleeder string combination. The NE 160 was 
permanently coupled to the light pipe by a resin cement. Good optical 
coupling between the pipe and photomultiplier was obtained with Dow 
Corning QC-2-0057 silicone grease. (Dow Corning Corporation, Midland, 
Michigan.) 
2~ Limiters 
A good limiter must produce flat top pulses with short rise times 
a~d constant amplitudes. The primary circuit element for the control 
of these parameters is the tube. The most commonly used tubes in these 
applications are the 404-A and the E 180 F. 
A circuit designed by Bell et al. ,59 and reviewed by Lewis and 
Wells,60 proved to be satisfactory in our application. The requirements 
on the pulses for this circuit are negative input pulses having fast 
rising edges, followed by a slow exponential decay to zero. The 
schematic diagram of the circuit is shown in Figure 6. 
3. Scintillators 
The scintillation phosphors used to convert the gamma ray energy 
tq visible light were the NE102 and the NE160. The NE102 was used for 
measurements at room temperature and below, while the latter was used 
for the high temperature studies. These crystals, manufactured by 
Nuclear Enterprises, Winnipeg, Canada, both have a p11lse height 60% 
relative to that of anthracene, and have their maximum emission peak 
at 4200 Angstroms. The NE102 decay constant is 3.5 x 10-9 seconds, 
and while this datum had not yet been determined by Nuclear Enterprises 
for the high temperature phosphor, the manufactures said that it was 
in the millimicrosecond region. 
NE160 Plastic Phosphor is stable at temperatures up to 150°c b11t 
after some time at this temperature the light output falls. After 12 
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h,ours at this temperature the relative pulse height ls 47% and after 36 
hours is 36%. However, no readings were taken which subjected the 
fluors to a high temperature for longer than 8 hours. 
In order to keep the temperature of the photomultiplier constant 
at .room temperature, the light was piped from the NE160 fluor to the 
end window photomultiplier by means of a Nuclear Enterprise polyvinyl-
toluene light pipe, six inches long. 
B. Shorting Stubs 
The shorting stubs consisted of two identical (183 cm) lengths 
of RG-8/u which has a characteristic impedance of 50 ohms, the value 
required for matching the impedances between the stub and the two, 
effectively parallel, 100 ohm (RG-7/u) cables to the limiters. Thus, 
the shorting stub is terminated in its characteristic impedance, 
preventing multiple reflections. A reflection does occur, however, in 
the limiter cable, the terminating impedance of these cables being 
the parallel combination of the shorting stub and the other cable: 
50 X 100 - 12·% 
50 7 100 3~. Consequently, a reflection of an amount 
100 - 33 = 50% occurs when the limiter output pulse strikes this junc-
100 f 33 
tion. However, our input pulse to the time-to-amplitude converter is 
still 0.5 volts, quite sufficient to operate the transistors. 
C. Time-to-Pulse Height Converter 
The requirements for the time-to-pulse height converter are good 
resolution, linearity of response in the millimicrosecond ~ange, and 
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high electronic stability. Two such circuits have been developed, one 
developed by Jones61 employing the microwave diodes which act as fast 
current switches followed by a Miller integrator. The other circuit 
was developed at Columbia by Simms62 and consists of two fast switching 
transistors followed by a third integrating transistor. Both circuits 
satisfy our requirements equally as well, so the simple circuit of 
Simms was chosen. 
A simplified diagram of the converter is given in Figure 6. In 
the quiesent state, the two transistors T1 and T2 in the input circuit 
are both conducting, and the output transistor T3 is cut off. When 
either of the input transistors is cut off by a positive pulse, all of 
the current flowing through R2 is carried by the other input transistor. 
The purpose of R2 is merely to act as a constant current source. The 
value of this resistor in our circuit was 15K ohms. When coincidence 
occurs, T1 and T2 are both cut off, and the current is switched into 
.T3, where it is integrated at the collector of this transistor. The 
amplitude of the voltage pulse is given by V = I •-At/Cs, where Cs is 
the stray capacitance associated with the physical layout of the cir-
cuit and tit is the time of pulse overlap. We see that for maximum 
amplitude, as well as a more desirable pulse shape, Cs should be a 
minimum. 
All of the biasing networks are shown in Figure 7 which is the com-
plete schematic drawing. Simms recommends that Western Electric 2Nll95 
transistors be used for short overlap times. He found it necessary to 
include a 100 ohm resistor in the base of T3 to decrease the switching 
time and decrease the single to · doubles ratio, as the bias required to 
reject singles pulses was so large that the transistor would not switch 
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as quickly as was necessary. The Philco 2N501 was also tried in this 
connection with no appreciable difference resulting. 
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T1 and T2 -were chosen to be the two transistors whose parameters 
were the most nearly alike as determined by a transistor checker. To 
obtain optimum. operational balance, the lOK pot is lowered until single'. 
pulses are observable at the output. The 1 K pot is then adjusted so 
that the output pulses have the same amplitude with either input removed. 
After this balance has been achieved, the 10 K variable resistance is 
increased to cut out the single pulses. 
The purpose of R1 is to allow this instrument to be used on the 
overall system power supply. However, for our circuit, we had available 
a Heathkit power supply which we used solely to power the converter. 
Thus, R1 was unnecessary. 
D. Associated Equipment 
(1) A C Line Voltage Regu1ator 
The AC line voltage regulator which supplied all power to the 
apparatus was the Sorensen Model #20008 (Sorensen & Company, Inc., 
Richards Avenue, South Norwalk, Conn.). The regulation accuracy is 
plus or minus 0.1% against line or load at the normal input frequency with 
a resistive load. 
(2) Photomultiplier Power Supplies 
The photomu1tipliers were powered with Hamner Model N-401 regu-
lated high voltage power supplies {Hamner Electronics Co., Inc., 
Princeton, New Jersey). These po-wer supplies have a regulation of 2.5 
parts per million per milliampere through the range of 0-5 milliamperes. 
Their stability against line voltage changes is three parts per million 
per volt in the range 105-125 volts. The ripple is rated at less than 
three parts per million peak to peak. 
(3) Pulse Amplifiers 
The pulse amplifiers used were Hewlett-Packard 460AR wide band 
amplifier (Hewlett-Packard Compa113, 275 Page Mill Road, Palo Alto, 
California). The most important feature in choosing the pulse amplifier 
is a millimicrosecond rise time. The Hewlett-Packard has a rise time 
of about three millimicroseconds with no appreciable overshoot. 
(4) Coincidence Circuit Amplifier and Discriminator 
Since the coincidence circuit is part of "slow circuitry" the 
fast rise time is not the important factor in choosing this amplifier. 
Rather we are interested in a higher gain and a pulse height analysis. 
For this reason, the Baird Atomic Model 215 nonoverloading linear 
amplifier was selected (Baird Atomic, 33 University Road, Cambridge 
38, Mass.). The specifications of this instrument are rise time, 0.2 
microseconds; maximum gain 90 to 6,400 by choice of coarse and fine gain 
controls; decay time, 1 microsecond; discriminator linearity, 0.2%. 
(5) Triple Coincidence Circuit 
The triple coincidence circuit used was a locally made coinci-
dence-anticoincidence analyser patterned after the Advance Radiation 
Engineering Corporation (P.O. Box 918, Garland, Texas) Model 401. 
This instrument has a resolving time of 0.5 to 20.0 microseconds con-
tinuously variable through adjustment of individual channel gates. The 
output pulse is a positive or negative five microsecond rectangular 
with the amplitude adjustable from zero to 25 volts. 
(6) Multichannel Analyzer 
The multichannel analyzer employed was the 512 channel Nuclear Data 
Model ND130 (Nuclear Data, Inc., 
Data were collected in 128 channels of the analyzer. The pulses were 
read into the detector input mode and the internal amplifier gain was 
set at 1.0. The output of the triple coincidence circuit was cabled 
to coincidence input. 
Having accumulated, the data were inspected on a Techtronix 503 
oscilloscope and read out on an IBM typewriter. Typical settings for 
the analyzer were coarse energy gain, 1; fine energy gain, O; energy 
zero, 1.5. 
The amplifiers, power supplies, and limiters are shown in Figure 
8(a). The time-to-amplitude converter, multichannel analyzer, and 
display oscilloscope are shovJn in Figure 8(b). The detector assembly 
is illustrated in Figure 9. The source is in the mylar sandwich 
within the alwninwn ring between the detectors. 
E. Calibration of the Time-to-Amplitude Converter 
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Two methods are commonly used for the calibration of time-to-
amplitude converters. The first consists of placing a source of 
coincident gamma rays between the counters and measuring the pulse 
amplitude as the shorting stub length is varied. When the shorting 
stubs are lengthened, the overlap time is increased by twice the 
electrical length of the increase in cable length. Since the pulse 
height is proportional to the overlap time, the change of cable length--
~ence the time in millimicroseconds--can be plotted vs. channel number. 
The other method consists of changing the time delay in one 
channel. The latter method was employed in this work in the following 
manner. The cable length between the limiter and the time-to-amplitude 
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Figure 8a. Multichannel Analyser Rack 
1. Hewlitt-Packard wide band amplifier 
2. Tectronix 503 oscilloscope 
3. Nuclear data multichannel analyser 
4. Multichannel analyser power supply 
5. Time-to-amplitude converter 
Figure Sb. Amplifier, Power Supply Rack 
1. 
2 &: 6. 
3. 
4. 
5. 
Locally constructed triple coincidence circuit 
Side channel discriminators and amplifier (Baird-Atomic) 
Fast circuitry, Hewlitt-Packard wide band amplifiers 
404-A limiter circuits 
Hamner high voltage photomultiplier power supplies 

FIGURE LEGEND 
Figure 9. Detector Assembly 
1. Cathode follower 
2. 6342-A photomultiplier 
3. Ne 102 plastic fluor and light pipe 
4. Aluminum retaining ring sandwiching source 
with aluminum samples 
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converter was varied in the 0.51 Mev channel. If the two events were 
simultaneous and the cable in one channel were lengthened, the pulse 
overlap time would be reduced so that the output amplitude would be 
reduced a corresponding amount. The multichannel analyzer sorts the 
pulses according to amplitude. Hence, the curve would be displaced to 
the left. The calibration curve (Figure 10) was then obtained by 
plotting peak channel number vs. inserted cable length. The "zero• 
time reference of the aluminum curve lies, in fact, on the centroid. 
Our curves were near enough to a Gaussian distribution, however, that 
the centroid was actually within a fraction of a channel. As will be 
discussed later, the stability of the equipment is plus or minus one 
• 
channel; therefore, it is legitimate to use the aluminum peak channel 
number. The slope of the straight line was then calculated by a 
least mean square fit. This figure was converted from cable length 
to milllmicroseconds by using the pulse velocity supplied by Amphenol 
of 25.2 centimeters per milllmicrosecond. This value for the pulse 
velocity agrees with the value obtained by Sedlmeyer.64 
As is indicated in Figure 10, the calibration curve flattens 
off at its extremes. Hence, data must be collected in the linear 
region of the curve. This is done by adjusting the cable delays 
between the limiter and the time-to-amplitude converter. No curves 
exhibited tails which extended into the nonlinear region. 
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The percentage of deviation in the calibration curves was deduced 
from the standard error of estimate of the data points from the best 
straight line. This percentage was always between 1.5% and 3.5% with 
the largest bulk of the data taken with the figure 1.5%. 
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Figure 10~ Calibration Curve. Least Squares fit gives 0.0890 channels/ns. Linear 
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F. Resol11tion 
The electronic resol11tion of the apparat11s, excl11sive of the 
detectors, was obtained by driving both channels with the same photo-
multiplier 011tp11t. The tr11e intrinsic electronic c11rve is obtained 
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by driving the apparat11s with an imp11lse generator. However, a gene·rator 
capable of nearly infinite rise ( 10-lO seconds) was not available. 
Judging by the res11lts of others, the electronic resolution obtained 
11sing a single photom11ltiplier is longer than that obtained by an 
imp11lse generator by a factor of two. The width at half maximum of 
this curve was 0.44 millimicroseconds. The overall coincidence resol11-
tion was obtained by meas11ring the width at half maximum of a prompt 
Co60 source. This value was 1.10 millimicroseconds. The difference 
petween these meas11rements ill11strates the limit in time resol11tion 
is primarily one of the radiation detectors at the present time. The 
resolution time for aluminum is 1.38 millimicroseconds. These data 
are illustrated in Figure 11. 
G. Overall Stability 
(1) Short Range Stability 
Short range stability st11dies were cond11cted by running aluminum 
c11rves at four ho11r intervals over 24 hour periods. It was found that 
a shift in the peak in the aluminum curve occured of ± 1 channel. 
This corresponds to a variation of± 0.089 millimicroseconds. 
The most likely cause was thought due to temperature fluctuation 
as both the photomultiplier and time-to-amplitude converter are quite 
temperature sensitive. A temperature variation between 23.0°C and 23.7°C 
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was recorded over the 24 ho11r periods in the air conditioned laboratory .• 
However, there appeared to be little or no correlation between the 
temperature and the peak channel fluctuations~ 
Line voltage changes are also s11bject to suspicion in regard to 
these shifts. A variation of± 2 volts was found to occur over a 24 
hour period at the output of the Sorensen regulator but no noticeable 
effect was observed at the photomultiplier power supplies or time-to-
amplitude converter bias. Additional protection is available here, 
however, as the power supplies also contain internal voltage regulators. 
No correlation was evident between line voltage and peak channel nLunber. 
The limiter cl.lrrent is also an extremely sensitive parameter as 
this cl.lrrent determines the bias on the integrating transistor in the 
time-to-amplitt1de converter. However, this effect was not studied 
as errors due to short range drift are an order of magnitude smaller 
than the positronium lifetime. Consequently, little effort was given 
to isolating this drift. However, a precaution to minimize this effect 
was taken in that no data were collected over a period of time greater 
than eight hours, thereby decreasing the chance of a ft1ll two channel 
shift. 
(2) Long Range Stability 
At various intervals ( usually of abot1t three weeks) a few points 
of the calibration cu.rve were rechecked and the points checked always 
lay within short range drift effects of the calibration ct1rve. 
It was found necessary, however, to recalibrate the system if 
the power was ever turned off. Consequently, the power was left on 
continuously if at all possible. 
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H. Counting-Rate Effect 
The counting-rate effect is a consequence of fatigue of the final 
stages of the photomultiplier tube due to too closely bunched pulses. 
This effect can be eliminated by (1) using low activity sources and 
(2) decoupling the latter photomultiplier dynodes with capacitors. 
Both of these precautions were, of course, taken. Figure 12 illustrates 
the counting rate effect for aluminum. The resolution (width of curve 
at half-maximum) is not noticeably affected by the counting rate nor 
is the centroid of the curve •. At the base of the curve, however, the 
slower rate curve is somewhat narrower. There is no evidence, however, 
that this effect alters the val11e of 1{_. In these data the same 
geometry was used consistently for each material--slow-rate geometry 
for organic wax and polyethylene and fast-rate geometry for borax. 
This effect might be eliminated by the use of a pile-up detector. 
I. Preparation of Samples and Sources 
( 1) Aluminum 
The sodium-22 source used for the aluminum sample was prepared 
as follows: A 5 microcurie drop of a .5 to 1 millicuries per milliliter 
Na22c1 solution was deposited on a thin mylar foil of 2 mil. thicknesso 
The Na22c1 solution has a specific activity of 1 ml/mg of sodium and 
was supplied by United Kingdom Atomic Energy Authority (Amersham, 
England.) 
The water was then evaporated by means of a heating lamp. Another 
mylar foil was then placed atop the first and this sandwich was fixed 
very tightly by an aluminum retaining ring 1 3/8 inches in diameter. 
(See Figure 13) The retaining ring was designed so that it would slip 
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Figu.re 12. Counting-Rate Effect Cu.rves. 

FIGURE LEGEND 
Figure 13. Samples and Sources 
1. Brass cylinder containing organic wax sample 
with self enclosed source. 
2. Borax samples. 
3. Aluminum retaining ring with mylar sandwich. 
Na22c1 is in center of sandwich. 
4. Polyethylene sample with self enclosed source. 
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over the fluor holder snugly as in Figure 9. 
The aluminum. samples were cut into discs which had a diameter equal 
to the inside diameter of the ring and a thickness of;,:1/10 inches which 
is sufficient to stop the most energetic positrons from Na22. The 
alum.1n.um. discs could then be placed tightly against the mylar sandwich 
and the fluors placed next to the aluminum.. The final physical layout 
may be seen in Figure 13. 
(2) Borax 
Two fused borax samples were made by different methods. The first 
technique was to heat commercial cleansing borax above its melting 
temperature ~770°C) in an oven and allowing it to cool very slowly so 
as to prevent cracking. This method turned out to be quite cumbersome 
as a cruicible with the same temperature expansion coefficient as 
borax was not readily available and the borax cracked upon cooling. 
However, uncracked pieces large enough to serve as samples remained. 
In the second, and much easier wethod, the fused borax samples were made 
f 
by melting powdered borax in a carbon mold by means of an-.acetylene 
torch. 
Once the fused pieces were obtained, one surface was smoothed with 
fine emery cloth, so that these samples could be placed tightly between 
the mylar sandwich containing the source and the scintillator housings. 
The first set of samples were made from commercial cleansing 
borax (99%) and the other set was made from reagent grade (99.99 5%) 
sodium borate. 
(3) Polyethylene 
The polyethylene samples were prepared as follows. The poly.mer 
was machined in t"'o cylinders, 5/811 length by 0.43811 diameter. One of 
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these cylinders then had a cylindrical depression cut in the center of 
one end while the other was machined on an end to a stud which would 
tightly fit into the depression of the first cylinder filling all space. 
The Na22c1 solution was deposited in the cavity. The water was evaporated 
by means of a heat lamp and the cylinders were force-fit together. As 
a further precaution, the parts were fixed with an epoxy resin. The 
final size of the sample v•e 1" x .438. See Figure 13. 
r 
{ 4) Organic ~ax 
The organic wax selected was a brittle, high temperature wax 
called ·Apiezon "W" (distributed in the U.S.A. by James G. Biddle Co., 
1316 Arch Street, Philidelphia 7·, Penn.). The apiezon sample was pre-
pared in a manner similar to the polyethylene. A cylinder of similar 
dimensions to the polyethelene was halved and the bottom was inserted 
' quite tightly into a brass cylinder whose inside dimensions equalled 
that of the wax. The Na22c1 was deposited in as small a drop as 
possible on the center of the half-cylinder and dried. The other half 
of the cylinder was then pressed very tightly over that already in 
place so that no air space could remain in the compound. See Figure 13. 
J. Construction of Low Temperature Apparatus 
Design of the low temperature apparatus was instituted by colleaiue 
_Robert Eagleton65 and special consturction problems are discussed in 
his thesis. 
A special dewar was made in which the source could be placed in 
a flattened bulb to give optimum geometrical arrangement. (See Figure 
14(a) The remainder of the bulb and the cylindrical portion of the dewar 
were then filled with either liquid nitrogen, dry ice, or ice water, 
holding the temperature constant at -195.B, -78.5 and o0 c respectively • 
• 

FIGURE LEGENDS 
Figure 14a. Low Temperature Apparatus 
1. Detector assembly ( See Figt1re 9 for detail). 
2. Plywood dewar stand. Note deivar at top. 
3. Sample holder in bottom of dewar. 
Figure 14b. High Temperature Apparatus 
1. Detector Assembly. 
2. Heating rod, ivrapped in asbestos. Sample is 
b~e.en·r1uors in center of rod. 
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'l'he inside separation of the .flattened portlon was slightly greai:;er 
than 0.500 cm. so that the sample holding brass cylinders would not 
break the dewar upon expansion. 
K, Constrt1ction of High Tem12erature .1\1;maratu1=1: 
The high temperature apparatus was designed by colleague Gerald 
Loper66; construction problems and calibration data may be found In 
his thesis. 
'I'he heater was a copper rod l inch in diameter by 31 inches length. 
A hole corresponding to the diameter of the sample holding cylinders 
was drilled in the center of the rod so that the sample collld be 
completely embedded in the heater. 
The heating element was made by encasing 26 gauge chromel wire 
in Sauereisen Electric Resistor Cement, No. 28 Paste (Sauereisen 
Cements Company, Pittsburgh 15, Pennsylvania). A three feet length 
of the resistance wire (0.214 ohms per inch) was wrapped around the 
rod on each side of the sample cavity and these were wired in parallel 
to a D. C. current sou.rce. 
The entire assembly was then wrapped with asbestos tape. 
As an example of the power necessary to operate this apparatus, 
to achieve a temperature of 40°c in this work a potential of 17 volts 
-was needed, thus reqt1iring 4.4 amperes. 
The temperatL1re in the sample is measured by means of an iron-
constantan thermocouple which was inserted directly into the sample. 
Control was achieved manually. 
CHAPTER IV 
RESULTS AND CONCLUSIONS 
A. Electronic System 
(1) Res11lts 
The electronic system proved to be quite adeq11ate to meas11re the 
anomalous ~ component. Comparison of the resol11tion time of the 
system 11sed in this -work vJith other systems which are often q11oted in 
the literat11re bears this 011t. 
TABLE I 
RESOLUTION TIME ACHIEVED BY VARIOUS EXPERIMENTERS 
Experimenters Resol11tion Reference 
Bell & Graham 2. ns 9 
Bell&: Green 1.4 ns* 27 
deBenedetti & R.ichings 2. ns 10 
Gerholm 2. ns* 28 
Hogg, et al. 2.2 ns 67 
Ferg11son & Lewis 2. ns 68 
Bell le J¢rgensen 0.5 ns 69 
This work 1.1 ns 
*Not given explicitly, b11t calc11lated from graphical data. 
The system of Bell and J¢rgensen -was used exclusively to measure the 
~ of metals. 
Another quite desirable feature is the confidence factor assigned 
to the calibration factor (millimicrosecond per channel). The only 
such datum recorded in the literature is found in Bell and J¢rgensen 1 s 
60 
61 
. article in which they quoted 3%. As mentioned, the system in this work 
varied between 1.5% for the best calibration (the one used in the large 
bt1lk of the data) to 3-!%. This figure varied as it was necessary to 
recalibrate whenever the power was turned off, thereby causing calibration 
figures to change during the course of the work. 
(2) Suggestions for Further Work 
Figure 11, Chapter 4, which shows the resol11tion of the apparatt1s 
to a single pulse in comparison to a coincidence pulse, suggests that 
the largest part of the "smear" originates in the photomt1ltiplier 
detector. Therefore, further instrumental improvements should start 
in this component. Ct1rrently t1nder consideration is a detector t1tilizing 
a Phillips 56 AVP photomultiplier and a fast liquid scintillator 
(Nuclear Enterprises,Ltd) with good high temperature characteristics. 
The decay time of .the liquid scintillator is considerably less than 
the present plastic scintillators. However, fast decay liquid scintil-
lators are generally characterized by mt1ch lower pulse height outputs 
than plastic flours. The 56 AVP photomultiplier tube, however, has a 
gain of 108 at 2000 volts and may be run at 3500 volts so higher gain 
may be achieved. With these characteristics, it will be possible to 
go directly from the photomultiplier tube through a limiter to the 
time-to-amplitude converter, thereby eliminating the amplifier. However, 
.an equally important aspect of the new detectors is the expected improve-
ment of the peak-to-background ratio (see AppendixI.l The 56 AVP 
photomultipliers can be expected to give higher amplitude pulse out-
puts than the present system without applying maximum allowable potential 
across the tube. The signal-to-noise ratio should, therefore, be improved 
considerably. Further, the important time characteristics quoted by 
62 
Phillips for this tube are: rise time, 2.0 x 10-9 s,3conds; transit time, 
3.0 x 10-lO seconds; pulse width at half height, 2.0 x 10-9 seconds. 
The other critical component in the system is the time-to-amplit11de 
converter. The Zener diode is especially critical as it establishes the 
bias on the transistor bases. Since semiconductors are in general quite 
temperature sensitive, it is felt that this assembly should be further 
insulated from the temperature fluxuations in the room. The simplest 
manner in which this could be achieved is to encase the aluminllm time-to-
amplitude converter chassis in styrofoam or another suitable insulator. 
B. Borax 
(1) Results 
These measurements show a~ component in fused borax which 
depends on the composition and the method of preparation and an inten-
sity which is even more strongly related to these factors. One of our 
samples shows good agreement with Bell & Graha:m,9 while the other sample 
raises some interesting questions. 
Bell and Graham 
Sample #1 
Sample #2 
( 2) Discussion 
TABLE II 
RESULTS OF BORAX MEASUREMENTS 
~h1s.\ 
• 87 :± • 5 
.73 ± .07 
1.19 :1:1 .1 
h(ZJ 
32 .! 5 
37 .:t 5 
6 :. 5 
As previously mentioned, Sample #1 was made in an oven from commer-
cial borax advertised as 99% pure. This sample was slow-cooled although 
subjected to the thermal stress of a crucible whose coefficient of' 
expansion differed somewhat. Sample #3 is composed of reagent grade 
borax and the method of preparation was to fuse in a carbon mold with 
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a welders torch. Bell and Graham also used this latter method although 
no mention of the original composition is made. 
In Bell and Graham's original work, the intensity of three other 
samples was calculatedi Fased Quar~z (36%), polyethelene ( 29%), and 
polystyrene (36%). For a large number of other samples, they noted 
that the intensity seemed 11 consistent11 with the flgure of "'V30%. 
Other workers added benzene (31 t 3)% and substantiated the previous 
results of Bell & Graham. 
The first indication that this ratio was not uniform came from 
Landes et &.63 who found that r2 is qaite different in molten 
naphthalene (29%) and crystalline naphthalene (9%). (Colleague R. 
< 
"Eagleton65 found an intensity of 8% in amorphous naphthalene.) 
Green and Be1127 then set oat to stady this variance in fused 
qt1artz. In pure fased quartz they obtained a value of r 2 = (53 ± 8)% 
and by asing an impare quartz quoted a value (.29 ± 5)%. The obviolls 
conclusion was then that the samples of 11 fased quartz" one finds in the 
laboratory are not vJell defined in composition. Taken with the 
variability in structure caased by the method of preparation of the 
quartz, it is not surprising that the values of ft and .!'%.-should 
be found to vary vJith different samples. 
With this view, we are not without precedent in quoting a different 
valae of f-",_. and .! ..,, for the same material. From the theory, also, 
we recall that the resalt of ordering the structllI'e is to decrease the 
Ore gap thereby reducing the probability of positronium formation. 
Furthermore, the impurities usually found in borax (calciam, iron, 
sulfate) are higher group elements and contribute electrons very near 
the conduction band in the solid. These electrons have much more 
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freedom to interfere with the positronium formation than do the normally 
shared electrons. 
However, with this picture we would be led to say that sample #3--
which has fewer impurities and which, we might be intuitively led to 
believe, has less order due to its rapid cooling--would exhibit the 
higher intensity but such is not the case. The fact that it has a 
value of ~ somewhat higher, however, is going in the expected direction 
as the smaller electron density allows the positronium to live 
unmolested longer. 
The conclusion that must follow to be consistent with our theo-
retical picture is that the samples fused with a welders torch are 
actually more crystalline than those which were rate-control cooled. 
This perhaps arises as a result of the thermal stress placed upon the 
sample in cooling due to the glazed porcelain crucible. See Figure 15. 
C. Poly:eth.vlene 
( 1) Results 
Data were taken at the following temperatures: -195.8°c, -78.50C, 
ooc and 23°c. · Our results compare favorably with those of Bell & 
Graham at room temperature. The results are: 
Tempera.tu.re 
. -195.8 
- 78.5 
0 
23.0 
TABLE III 
RESULTS OF POLYETHYLENE DATA 
1.08 ± .1 
1.27 ± .1 
2.04 ± .1 
2 • 60 i:" • 06 
23. :t 5 
22. :t 5 
13. ± 5 
19.! 5 
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Figure 15. Experimental Borax CQrVe. Calibration Factor 
0.0890 channels/ns. · 
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Bell and Graham. quoted: K= 2.4 !. .. 3 x 10-9 seconds at 2.3° with 
r'1-.. = (29 ± 5)%. 
(2) Discussion 
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Several interesting features are involved in the ethylene polymer 
and these merit some discussion. The polymerization of ethylene in 
suitable high pressure conditions gives very long chain hydrocarbons. 
The cell dimensions and atomic positiqns have been established by Blllln70 
who has also observed that the crystallinity is incomplete at ordinary 
temperatures, for the x-ray photographs show a band due to the 
presence of amorphous materials. The intensity of this band increases 
and that of the crystal struc'ture lines decreases with rising tempera-
ture lllltil finally, at some temperature in the neighborhood of 120-
1300c no trace of crystallinity remains. 
The amorphous and crystalline regions c~nnot be regarded as 
mechanically separable phases, since it is an essential point of the 
theory that the same molecule may at the same time be in the crystalline 
condition over part of its length and over the remainder in the 
amorphous state. With rising temperature, increased thermal motion 
will cause a growth of the amorphous regions at the expense of the 
crystalline regions until a temperature is reached at which the material 
is entirely amorphous and indistinguishable from a viscous liquid 
composed of long molecules. Measurements of density variation with 
temperature give an indication of the relative proportions of the 
crystalline and amorphous regions and how they change the foregoing 
properties are suggestive of another application of positronium annihi-
lation studies. Since the long component lifetime is dependent on the 
density also, it could possibly serve as a tool to determine the 
percentage of crystallinity. These 1;.., measurements are presently 
easier to perform than those the polymer chemists use in this appli-
cation. The observed shape of the temperature vs. specific volume 
curve has the follo-wing general appearance. From liquid nitrogen to 
almost the brittle point, the curve is very nearly a straight line. 
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A rather marked bend upward occurs in this region of transition temp-
erature. From the transition temperature to approximately room temper-
ature, the curve is again rather linear. From room temperature 
upward, the sample undergoes very slight volllme changes, giving the 
ct1rves a pronounced concavity upwards. In the subnormal temperature 
range there are signs of a transition occuring at about -40°C in most 
samples, although Selker .§.i al. 71 have found a variation in this phase 
transition from -150 to -6s.5oc. This transition may be interpretted 
as the temperature at which the amorphous material becomes "frozen" 
and below which expansions or contractions have the magnitude to be 
expected from·a structure in which diffusion processes are negligible. 
It is not clear how the lower brittleness temperature of long chain 
material is to be explained simply in terms of the freezing of move-
ment in the amorphous regions which are likely to contain only 
segments of molecules and thus to have properties relatively indepen-
dent of specimen molecular -weight.72 Alfrey et a1.73 have also 
observed that the specific volame in the lower temperature range depends 
on the rate at which the sample was cooled. They explain the transi-
tion as a change from conditions in which, because of the higher 
temperature, diffusion of the long molecules is sufficiently rapid for 
the liquid to follo-w its equilibrit.lIIl structure on cooling to conditions 
in which, because of the lower temperature, diffusion is extremely slow 
and the liquid is unable to attain its equilibrium structure thou.gh 
being "frozen" in a less compact arrangement. The rapid cooling pro-
cedure is known as "shock cooling." 
(3) Conclusions and Suggestions for Further Measurements 
The plot of the data in Figure 16 might be interpreted as two 
rather smooth lines with a rather sharp break in the region of -4ooc 
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to -6o0 c. This is consistent with the phase transition just discussed. 
Obviously, more data need to be taken in the region between -8QOC and 
o0 c. Such measurements would be relatively easy to make with existing 
facilities as there are nllffierous organic compounds which melt in this 
region that could be·used in the dewar as a temperature regulator. 
Enough points should be taken until the phase transition is isolated. 
The temperature at which this occurs could then be compared to the 
brittle point, which is measureable by mechanical means. Also, plans 
are currently underway for the higher temperature measurements to be 
continued as part of this positron work, However, a heating system 
superior to the one presently employed will be necessary before 
approaching the high temperature phase transition. The current 
regulation at 1000c is about~ 4°c. A hysteresis effect can be expected 
in the polyethylene at this transition and data taken under such con-
ditions would be rather questionable. Landes discussed such problems 
with naphthalene in his Ph.D. dissertation.63 
Two runs were made at liquid nitrogen temperature. In the first, 
the sample was simply dropped into the liquid gas thereby "shock" 
cooling it. The ~ for this run was ( • 96 1: • 06) x 10-9 seconds. 
Secondly, the sample was first cooled to dry ice temperature and then 
worked very slowly into the nitrogen by gradually "quick dipping" a 
progressively larger portion into liqt1id. The 1:,. for this rm1 "1as 
(1.2 ± .07) x 10-9 seconds. The intensity in each case was 23%. In 
the second method the outer sll!'face was probably shock cooled also, 
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b11t it is hoped that the interior molecular chains might have had time 
to diffuse to equilibrillID before being "frozen." See Figure 17. · · 
D~ ·organic Wax 
(1) Res11lts 
Data were collected at fo11r temperat11res. At -78.5°C no 'r',._. was 
observed. The other three points are listed in Table IV. 
TABLE IV 
RESULTS OF ORGANIC "APIEZON W11 WAX 
Temperature 
{ 2) Discussion 
(0.97 1: 0.1) 
(1.31 :t 0.07) 
(1.99 ± 0.1) 
r:~ l~q 
21 .,. 5 
16 ! 5 
11 :i 5 
Scarcely enough data are available to dra-w any concrete conclusions 
regarding the behavior of positronium in Apiezon W. The manufacturer 
was llllable to s11pply information on the density of the wax below 25°c. 
At 250c the density is 1.055 and increases 11niformly at a rate of 0.0006 
per degree centigrade. The ;:;,. component is plotted as a fllllction of 
temperature and density in Fig11re 18. The dashed line indicates that 
the density is uncertain in this region. Another q11estion is posed by 
the intensity val11es. At -78°C no ~~ was observed, but at ooc the 
intensity is decreasing, apparently uniformly, with temperature •. At 
. .JDOD 
.., 
~· 
~ 
"'( 
·.:i:: 
.., 
<t:· 
"' Q. 
.~ 
.... 
~ ..,. 
100 
~ f .J • \· 
/ 
I 
/ 
Figure 16. · Experimental Polyethylene Curve. Calibration factor 0.0996 channels/ns., all others are 
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what point between -78.50C and o0 c does this trend reverse a.nd -why? A 
solution as to why little, if any, pos-itronium is found at -78.50C 
probably lies in the fact that the free volume ·is so small that there 
is simply not room for positronium to form. The experimental curves 
are shown in Figure 19. 
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Figure 19. Experimental Apiezon Curves. Calibration faqtor 0.0996 channels/ns. 
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APPENDICES 
APPENDIX I 
BACKGROUND 
Perhaps the major part of the uncertain.ty as.sociated with 011r 
measurements may be attributed to the problem of background. The average 
peak-to-background ratio was about 610:l; however, ratios as good as 
1300:1 were obtained. 
Two methods were considered for calculating th~ background. The 
first of these is illustrated in Figure 20, which presents a lifetime 
measurement with one of 011r poorest peak-to-background ratios. The 
solid points are the actual counts per channel as given by the m11lti-
channel analyser. The circles represent typical counts in portions of 
the curve for which the background discussion is irrelevapt. By 
considering the counts in channels 100 to 128, which from the data 
appear to be randomly grouped around six, we may take the average 
and call this the background. However, 14 of these counts (or abo11t 
8%) may actually be annihilations. This figure is obtained by 
extrapolating the tail to one count,then adding the projected number 
of counts in each of the channels. Therefore, the background may 
be adjusted to 5.18 counts per channel. This figure may then be 
subtracted from all of the points and the analysis proceed by computing 
the least mean sq11are fit illustrated by the dashed line. The second 
method consisted of delaying the 0.51 Mev channel by adding a length 
of oaple between the limiter and the time-to-amplitude converter, "Which 
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Figure 20. Background Analysis Curve. 
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effectively "shifts the curve off the scale" to the left. r~ this way, 
very nearly all the counts which -are analyzed are not associated with 
either lifetime component. It wollld seem that the reslllts obtained by 
these two methods shollld be about the same, but differences as large 
as 20% were observed. It was decided that the first method was the more 
reliable; consequently, if the 1'i component were short enough (i.e., 
the curve steep enough) to give enough (say 20) channels of background 
. 
where the straight line was below one count per channel, the first 
method was used. In the samples exhibiting a long lifetime component 
of about 1.8 Y\S, or ·greater the second method was used. It ls estimated 
that the difference ln background treatments collld effect the short 
lifetime as much as !()%,although in most cases 5% ls perhaps more nearly 
correct. 
The incertitude regarding this method, however, makes the study of 
1-;_ in metals ~oat dlfflclllt with the present system. 
A related problem ls suggested by the data in the first ten 
channels of figure 20. Due to low level noise generated in the elec-
tronics and to the nonlinearity of the converter in this region, a sub-
stantlal portion of the left hand side of the curves ls obtained by 
extrapolation. 
The effect of an incorrect interpolation ls felt in calclllatlng 
the centroid from which i;' ls obtained. (See Appendix YI.) Although 
the area ls only very weakly affected by a change in this portion of 
the curve, the moment ls slightly affected. It was estimated that an 
error as large as 4CJI, collld occur ln the i; value due to this effect 
although 12% ls a very much more reasonable estimate. 
As an example of this effect coupled with the short range drift 
81 
effect (See Chapter 3) on the 1( , we may perform the following 
calculation. For a 1'; of .24 ns., 12% is .03 ns. Should a centroid 
shift of one channel occur due to a short range drift, and with a 
probable statistical error of .05 ns., the error could be 
u ::. O. 11 ""V\S 
Thus, the 1i' might be expected to vary as much as ± 46%. It is for 
these reasons that only a passing degree of confidence is held for the 
experimental values of ;; • 
i. 
APPENDIX II 
METHOD OF ANALYSIS 
Delayed coincidence techniques, as used in the study of positron 
lifetime behavior, give an experimental curve which is a composite 
of the apparatus resolution curve and the delayed coincidence curve 
due to the lifetime of the positron (or curves if positron has more 
than one lifetime such as r: and ~).74-76 In order to interpret 
the resulting experimental curve, it is necessary to define the 
apparatus resolution curve, also called a "prompt" curve, which is 
obtained by plotting coincidences of a source of simultaneous events 
as a function of channel number. Whenever the drop off rate due to 
the coincidence apparatus is less than the mean lifetime for posi-
trons annihilating in aluminum, the c11rve obtained for positrons 
annihil~ting in aluminum ( after being corrected fo·r the lifetime in 
aluminum) can be used as a II prompt II curve • 
The equation for the delayed coincidence curve is then expre.ssed 
in terms of the "prompt" curve as 
.,;:, F tx.) -_} f H) r<"t-t) d:t: 
where f (:l') = delayed coincidence curve 
Pl)') = prompt curve (adjusted aluminum curve) 
f(~: probability of a positron annihilating in an 
interval el+ in a time -t a 
"j.. = channel number 
82 
(1) 
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The above relation is valid if: (1) Y. and i are interchangeable, i.e., 
inserted time delay does not affect pulse shape,and (2) pulse shape 
distributions in both channels of coincidence circuit are the same 
for f0c) and po<). Condition (1) is satisfied by using short delay 
cables of negligible attenuation, whereas condition (2) is satisfied by 
proper pulse shaping (done by Western Electric 404-A,limiters in this 
experiment.) 
Since positron lifetime decay exhibits an·exponential distribution 
in time, 
so that: 
(2) 
In some cases, the "prompt" curve can be approximated quite closely 
with a Gaussian distribution of the form: 
p (X) ~ (3) 
in which case 
(4) 
can be reduced to an error integral. The tabulated error integrals 
{: :, 
then permit the use of this analytical expression for the delayed 
lifetime curve. 
However, at times, the prompt curve is not symmetrical and hence 
cannot be represented by a simple analytic function as above. Such an 
84 
assymetry could be due to the electronics-discriminator settings. The 
integral representing fu) is then replaced by the sllllJillation 
(5} 
The delayed coincidence curve is then folded out of the composite 
experimental curve, according to the above summation, by means of a 
numerical integration (Simpson's rule). The values for f~I so obtained, 
when plotted, give the delayed curve. 
Differentiating the integral relation for f ~).) with respect to x. 
gives: 
j. [ p <,,) - f ('(J] I 
- ->[1-el1 
.f.tYU 
and 
= -). F tiri >> p(xJ (6) 
Hence, the slope of the f()(I curve on semi-log paper gives the 
reciprocal of the mean lifetime. Furthermore, the centroid of f(.)<.\ 
is displaced positively along the abscissa axis from the centroid of 
ft") by an amount YI' , the mean lifetime. If the F<.") and p lx) 
curves are plotted to the same included area, then Flxl and pt~ 
rise from the same point on the left and intersect at the maximum 
of' .FcJrJ, provided Y;.. represents a single lifetime. 
The slope of the curve may best be obtained using the method 
of least ~quares. In this method,77 the slope is 
(7) 
and the natural logarithm of the intercept is 
h= g Z:- M·cZ- -c z.M·c~y.· ~ (Ct -C)1. 
85 
(8) 
where ~, is the channel number, 'fla. is the number of counts in channel 
~ l I and 1, i equals hie fl) l • Furthermore, the variance. in \ is 
given by 
(9) 
These calculations were all performed on the IBM 650. 
The percentage of positrons annihilating with a long lifetime is 
easily obtained once the F (>(J or ?"z.... curve is found, as this is 
merely the ratio of the area of f'Utl to the area of the experimental 
composite curve. As an illustration, the above analysis will be 
applied to the data obtained for positrons annihilating in polyethy-
lene at -98.500. 
Starting with the prompt or aluminum curve, represented by a 
dashed line in Figure 21 (the ordinate is plotted as counts x 10-l 
for clarity of illustration), that was obtained immediately after 
the polyethylene data, it is necessary to determine the centroid of 
the ~\ curve: Summing the ordinates by Simpson's rule to get the 
area and taking moments about the zero point gives for the centroid: 
Net moments 
Centroid= Area 
468 
Centroid= 256 = 1.8 channels 
The ''true zero'' is now 1.8 channels to the right of the peak channel, 
minus the lifetime of positrons in aluminum. Using Bell and Jirgensen•s69 
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lifetime· in aluminum value of Ji= 0.19 ns. (which corresponds to 
2.~ channels for this calibration), true zero is found to be 0.3 
channels to the left of the peak channel. The values of' ff,<} used in 
the folding process are now taken with respect to the "true zero• 
ordinate and are recorded in the second column of' Table V. Once this 
87 
is done, the tail or straight line portion of the polyethylene experi-
mental curve ( in the region where f°') )) pc..x)) is extended back to 
the "true zero" point. -).1: The coordinates of the e are then recorded 
in the second row of Table V and are multiplied by the appropriate 
Simpson's rule constant, as illustrated in row three. The numerical 
integration is carried out by recording the product f'or each value 
1. • '),t 
of f"'9 with every value of,,.~ in the squares. Summation along the 
450 Diagonals gives the values of f<11 for the delayed curve to within 
a multiplicative constant. (It is actually not necessary to list 
each of these multiplications in the table if a desk calculator 
equipped with an accumulative multiply operation is available.) 
Since the multipliciative constant is not readily computable, the 
delayed curve is matched to the experimental curve in the region where 
the two curves are known to be equal, i.e., /=t.YJ ')7"--
The curve obtained by plotting the values of' P<-) on semi-logarithmic 
paper is then placed under the experimental composite curve so that 
the tails in the region of' coincide, and the delayed curve is then 
drawn, giving the curves in Figure '2.l • 
The areas of the delayed and composite curves are: 
Area of f (l() = 70 13 X It>,. ( J.._. ,,,+, Ii e.4 .. i.u/) 
Area of composite = "a 11 ~ /0" ( lw "1 >1 e~'""•') 
The percentage of' positrons annihilating with the long lifetime is 
t. 0 
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50 
352. 
CX). 
CX). 
then 
22 % 
Centroid of Ft-t} =- 1S:2 channels -.. 1.15 .,,,.s, 
It is worth noting that the least squares fit of the straight line 
portion (tail) of the experimental curve gave a value of 1.27 ns. 
Subtracting the values of the 7f or F(,x) curve from the experi-
mental (composite) curve gives the values for 7-; (not shown in 
89 
Figure 21 ). The 1; lifetime can be determined by centroid analysiso 
The value of 1f for this curve is 0.3 ns. 
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.APPENDIX 3 
TABLE VI 
COMPLETE LIST OF RESULTS 
* * Sample Temp(oc) 
') ... "' .s, (YtS.) I-d%\ II ID 1:-{_, ~ Ins,) 1 ('(I() sec) ~tae>H • SJ,iflt 
Borax fl 23°c • 73 .:!: .07 37 ± 5 2.6 .63 . 
Borax 13 23°c 1.19 t .1 6 :!. 5 1.4 1.3 
Organic Wax o0o .97 f .l 21 ± 5 1.1 .74 
Organic Wax 2300 1.31 ± .07 16 -t: 5 3.4 .90 
Organic Wax 80°0 1.99 .t .1 11 ± 5 1.7 1.8 
Polyethylene -195.8°0 1.08 ± .15 23.± 5 2.3 1.1 
Polyethylene -78.5°0 1.27 ± .1 22 ± 5 3.4 1.4 
Polyethylene o.o0 c 2.04 ± .1 12 :: 5 2.7 1.9 
Polyethylene 23°0 2.60 .t .06 19 :t 5 2.0 2.2 
*Error not quoted but felt to be· rather iarge. 
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